ABSTRACT
, which allowed one to obtain more complete inventories of 12 microorganisms in anaerobic granules. The results have shown that anaerobic granules 13 consisted of a phylogenetically diverse group of microorganisms; however, the majority of 14 them have not yet been cultivated (14, 22, 36) .
15
The application of fluorescence in situ hybridization (FISH) with specific 16 oligonucleotide probes further allows us to determine the abundance and in situ spatial 17 distribution of specific phylogenetic groups in anaerobic granules (14, 20, 35, 41 
2
The microbial activity distribution was directly compared with the spatial distribution of the 3 microorganisms. 4 
5

MATERIALS AND METHODS
6
Sludge source.
7
Anaerobic granular sludge was collected from the bottom of a lab-scale upflow 8 anaerobic sludge blanket (UASB) reactor (height, 50 cm; diameter, 5 cm) operated at 35°C.
9
The reactor was inoculated with 0.7 liter of anaerobic granular sludge obtained from a 10 full-scale UASB reactor treating the wastewater from an isomerized sugar-processing plant.
11
The lab-scale reactor was fed with a synthetic medium at an average organic loading rate of 
15
Granule samples were obtained from the lab-scale UASB reactor after 1 year of operation.
16
The water qualities of the effluent during the sampling period were as follows (average ± ; CH 4 content in gas, 55 ± 15%; CO 2 content 19 in gas, 11 ± 4%; N 2 content in gas, 34 ± 17%; H 2 content in gas, 2300 ± 3300 ppm; acetate, 20 165 ± 81 µM; propionate, 77 ± 46 µM; and butyrate, 5.5 ± 7.7 µM. Other volatile fatty acids
21
(butyrate, isobutyrate, and formate) were sometimes detected at trace levels. (TaKaRa Bio, Inc., Ohtsu, Japan) by using a primer set of 11f (19) and 1492r (39) for 7 bacterial community, and a primer set of A109f (40) and 1492r (39) for archaeal community.
8
The PCR products were electrophoresed on a 1% (wt/vol) agarose gel and purified with a 9 WIZARD PCR Preps DNA purification system (Promega). To reduce the possible PCR bias, 10 the 16S rRNA gene was amplified in 6 to 10 PCR tubes and all tubes were combined for the 11 next cloning step.
13
Cloning and sequencing of the 16S rRNA genes and phylogenetic analysis. 
17
In situ hybridization was performed according to the procedure described by Amann 
6
The tip diameters of the microsensors were ca. 10 µm, 90% response times were less than 2 7 s, and the detection limit was ca. 1 µM. Calibration was routinely performed by immersing 8 a microsensor in a calibration chamber filled with the synthetic medium which continuously 9 bubbled with H 2 and N 2 gases. The H 2 concentration in the medium was measured by a gas 
5
In total, the clones were grouped into 25 OTUs on the basis of more than 97% sequence 6 similarity within an OTU. Then, a nearly complete 16S rRNA gene sequence of a 7 representative clone of each OTU was analyzed. The phylogenetic trees were constructed by 8 neighbor-joining and maximum-parsimony methods, and both methods resulted in 9 essentially the same topology. The phylogenetic tree inferred by the neighbor-joining 10 method is shown in Fig. 1 were used for phylogenetic analysis (Fig. 2) . The most frequently detected clones (33 of 48, Cross-sectional differential interference contrast (DIC) images of the granule showed 9 that the granule had a multi-layered structure consisting of biomass and interstitial voids 10 ( Fig. 3A) . Analysis of the granule after staining with DAPI showed microorganisms were 11 predominantly present in the outer 400 µm (Fig. 3A) . It is most likely that the dark nonstaining center consisted of inert matter and dormant microbial cells. This is probably 1 attributed to substrate limitation in the center of the granules due to the relatively low COD 2 loading rate in the reactor analyzed. The nonstaining center was always observed in the 3 granules analyzed with diameters exceeding about 1,000 µm. FISH using FITC-labeled 4 EUB338-mixed probe and TRITC-labeled ARC915 probe revealed that the outer layer (ca. 5 250-µm-thick) was dominated by bacterial cells whereas the inner layer (below 250 µm 6 from the surface) was occupied mainly by archaeal cells (Fig. 3B) . Archaeal and bacterial 7 signals were low in the granule interior (below ca. 400 µm from the surface). This layered 8 structure was repeatedly observed in all of the granular sections analyzed. Filamentous cells 9 were observed in the uppermost layer of the granules and these cells were hybridized with 10 the probe GNSB-941 specific for almost all members of the phylum Chloroflexi (Fig. 3C) .
11
The BET42a-stained cells were also present in the outer shell of the granule (Fig. 3D) . The 12 cells hybridized with the probe LGC354 specific for Firmicutes were numerically most 13 abundant Bacteria in the inner layer of the granule (Fig. 3E) . The abundance and 14 fluorescent intensity of ALF968-stained cells were low (Fig. 3F) although the bacterial 15 clone library was predominated by the members of Alphaproteobacteria (Fig. 1) . The (Fig. 3G) . Among archaeal cells, the Steady-state concentration profiles of ORP, pH, H 2 , and CH 4 in the granules are 10 shown in Fig. 4 . pH decrease (i.e., acid production) was found in the upper part of the 11 granule and below which pH increased (Fig. 4A) . When H 2 profiles were measured in the 12 medium without NaHCO 3 , H 2 profile showed a peak of 26 µM at a depth of 100 µm and H 2 13 concentration readily decreased in the inner layer of the granule (Fig. 4B) . The addition of 14 12 mM of NaHCO 3 stimulated H 2 consumption activity and H 2 concentration in the granule 15 became under detection limit (1 µM) (data not shown). CH 4 concentration gradually 16 increased throughout the granule and its gradient was steeper in the outer layer of the 17 granule (Fig. 4B) . The microsensor measurements indicated a distinct layered structure of the microbial 10 activities in the anaerobic granule, with net acid (H + ) and H 2 production (i.e., fermentative 11 and syntrophic activities) at a depth of 100 µm, and net H 2 consumption and CH 4 production 12 (i.e., methanogenesis) below 300 µm from the surface (Fig. 5) . Because anaerobic 13 degradation of organic compounds is a multi-step process, a layered structure of the bacteria 14 that hydrolyze complex organic compounds in wastewater to fundamental structural 15 building blocks (e.g., glucose and amino acids) at the granule surface, fermentative bacteria 16 that ferment these products to fatty acids and subsequently syntrophic bacteria oxidizing was found in the outer layer and CH 4 production only started from 300 µm onwards inside 10 the aggregate. In our study, although a sulfate reduction zone was not analyzed, sulfate 11 reduction rate could be very low because sulfate concentration was less than 2 µM in the 12 synthetic medium for cultivation and microsensor measurements.
13
In situ hybridization results showed that the outer layer (ca. 250-µm-thick) of the 14 granule was dominated by Bacteria whereas the inner layer (below 250 µm from the 15 surface) consisted of Archaea (Fig. 3B) . Similar layered structures of microorganisms in 16 anaerobic granules have been reported elsewhere (20, 35 was mainly detected in the granule surface (Fig. 3C) , indicating that they contributed to the Firmicutes have been detected in methanogenic granules (14, 22) . These bacteria can 7 anaerobically utilize glucose, propionate, butyrate, and acetate (4), and produce H 2 (17) . In 
12
The clones affiliated with aceticlastic Methanosaeta were frequently detected in the 13 archaeal clone library (Fig. 2) , and the cells hybridized with the probe MX825 specific for 14 the genus Methanosaeta were the dominant member of Archaea in the granule. In general, 15 aceticlastic methanogens are more abundant than hydrogenotrophic ones in methanogenic 16 consortia (14, 35 
